Studies of the distribution of total serum immunoglobulin. E levels in nonallergic and allergic populations defined a cut-off point between low and high immunoglobulin E at 95 U/ml, based on Mendelian recessive inheritance of high immunoglobulin E level. Subsequent investigations of the distribution of total serum immunoglobulin E levels in 28 allergic families confirmed the recessive hypothesis. The results of quantitative skin tests in eight families, performed with between five and eight highly purified grass and ragweed pollen allergens per family, demonstrate that the immunoglobulin Eregulating gene exerts a profound effect on specific immunoglobulin E-mediated sensitivity, often masking the effect of HL-A associated immune response genes.
Atopic allergy in man is a complex disease associated with the presence of immunoglobulin E (IgE) reaginic antibodies (1) . Since 1872, many authors have reported a familial predisposition toward atopic manifestations in general, as well as to each of separate major symptom types-allergic rhinitis, asthma, and eczema (reviewed in refs. [2] [3] [4] . A further variable is the relative degree to which different allergic subjects develop IgE-mediated sensitivities to different allergen complexes (e.g., pollens) or, more specifically, to highly purified allergens that may be isolated from these complexes (4) (5) (6) (7) (8) . From these and other considerations, one would anticipate that the genetics of IgE-mediated allergy would be extremely complicated (2) (3) (4) 8) .
As a first approach to this problem, we have considered two broad classes of immunogenetic control over IgEmediated allergy: (i) regulation of the biosynthesis and/or metabolism of all molecules of the IgE class, and (ii) the effects of specific immune response (Ir) genes. Family and twin studies of total serum IgE levels in man, by Hamburger and associates (9) , strongly suggested that the basal level of IgE is under a fairly simple genetic control, the mechanism of which was not elucidated. Further genetic experiments in animals showed that certain Ir genes, controlling primarily (if not exclusively) T-cell function, are closely linked to the animal's major histocompatibility type (10, 11) . The effects of these genes can only be observed under highly limiting conditions of immunization, a situation which pertains in human allergy to inhaled pollen antigens (4, 5, 8 3588 We have recently demonstrated a highly significant association between IgE and IgG antibody production to Ra5, a ragweed pollen allergen [molecular weight = 5000 (12) ], and the possession of a major histocompatibility antigen of the HL-A7 crossreacting group (Creg) (7, 5, 13) . In studies with more complex allergens, further genetic factors seemed to be masking associations analogous to those observed for Ra5 as well as genetic linkage in families between a specific allergic sensitivity and a specific HL-A haplotype (8 11 The minimal (basal) IgE levels occurred between mid-February and mid-May for individuals highly sensitive to grass and ragweed pollens. The total serum IgE levels in 17 untreated allergic subjects followed over 2 years (unpublished) showed a year-toyear variation of 16% (414%). Seasonal allergenic exposure produced a mean rise of 85% (451%) above the basal level for the year, maximal levels occurring between mid-September and mid-October. On the other hand, ongoing ragweed immunotherapy (plus contributing seasonal exposure) caused a mean rise of 120% (493%) in 20 allergic subjects during the first year, but a depression after several years of therapy. Serum levels of nonallergic subjects varied by no more than 10% throughout the year.
boys, 52 girls). All but two children were at least 7 years of age; the two younger children were included because they had unequivocably high IgE levels (>900 U/ml). The mean adult IgE level is reached before 7 years of age (14) . At least one child in each Maryland family was allergic to grass and/or ragweed pollens. Maryland serum samples were drawn between March and early May,1 except for Families B7, B9, and E3 (Fig. 2) , which were bled during late November and December. The Amish (C4) and Wisconsin (C5) families were bled during August. Allergy histories were taken from almost all subjects and confirmed by skin testing with crude and purified grass and ragweed allergens in most cases. Histories of immunotherapy, which can modify IgE levels,1 are given in the footnote to Fig. 2 .
Measurement of Total Serum IgE Levels. Sera were separated from clotted blood samples as soon as possible and were stored at -20°until used. Total IgE concentrations were measured by double antibody radioimmunoassay (15) , with duplicate samples in each of two separate experiments. Assays were repeated further where necessary, particularly in the critical region of 50-200 U/ml, until replication was within in--%.
Quantitative Intradermal Skin Testing. Eight immunochemically distinct allergens, isolated from grass and ragweed pollens, were used (Fig. 3) . All samples except group IV were at least 95% pure by published physicochemical and immunological criteria (4-6, 12, 16, 17) . Serial 10-fold dilutions (10-7-1 ,ug/ml) of each allergen were prepared in sterile Tris-buffered physiological saline stabilized with 0.03% (w/v) human-serum albumin. The concentration of each allergen eliciting a 2-plus reaction (0.8-to 1.0-cm wheal; 2.0-to 4.0-cm erythema) 15-20 min after intradermal injection (0.05 ml) was taken to be the person's sensitivity to the allergen (7).
HL-A Typing. The leukocytes of all family members were typed, in duplicate,, by standard leukocytotoxic microassay (18) , with 90 or more defined sera capable of recognizing 31 different HL-A serotypes.
RESULTS AND DISCUSSION
Definition of Low and High IgE and Calculation of Gene Frequencies. The general tendency for allergic people to have high and nonallergic people to have low serum IgE levels is well established (19, 20) , but some nonallergic people have atypically high and some allergic people have atypically low IgE levels. We will define the cut-off between high and low IgE as the level at which the combined percentages of such atypical subjects is minimized. First, the cumulative percent frequencies of IgE levels for nonallergic and allergic subjects was plotted (Fig. 1) . The difference curve for these two sets of data was then calculated (dashed line). The maximum of this curve, at 95 ±t 5 U/ml, gives our best estimate of the IgE cut-off level. Only 21% of the nonallergic subjects have IgEs above and only 22% of the allergic subjects have IgEs below this level. Our estimate of 95 U/ml is in excellent agreement with a value of 91 ± 5 U/ml, calculated by replotting data of Gleich et al. (20) , taking 1 U/ml 2.42 ng of IgE/ml (21) .
In preliminary family studies (22) , the mode of inheritance of hih IgE levels, with or without demonstable allergy, most closely approximated a Mendelian recessive pattern. Dr. T. A. Waldman, N.I.H., kindly supplied data on the serum (as yet) nonallergic child, having IgE levels of 102 U/ml and 88 U/ml, respectively (Fig. 3) Distribution of total serum IgE levels in families. The cut-off point between low and high IgE (95 U/ml) is shown by a solid vertical line, and the limits of the uncertain "gray region" around this point (85-121 U/ml) are denoted by dashed lines. The following allergic people having IgE levels in this region were classified as "low": fathers of families A4 and A9, mother of B5, and one child in each of A10, B3, B9, and E3. A nonallergic, male child with negative skin test of C1, with an IgE level of 97 U/ml was classified as "high." The female child of C2 with a level of 124 U/ml (marginally above the gray region) was not allergic. A further asthmatic child of family C3 died after an allergic reaction to a bee sting. The following people have been receiving immunotherapy during the past several years (IgE levels probably suppressed): mother and only male child of B4, the male children of B6 and B8 who had IgE > 700 U/ml, three out of four of the children of B9 who had IgE > 700 U/ml, and the mother, father, and one male child (IgE = 645 U/ml) of C1.
cluding the highest IgE level (89 U/ml), were taken to be low.
For families of types A, B, and C, we found a good agreement between the observed and predicted incidence of high IgE levels in the siblings (Fig. 2) , especially considering the uncertainty in assigning people whose IgE levels were in the gray region, 85-121 U/ml. As predicted, all 25 siblings of the 5 type C families had high IgE levels. The incidences of high children in types A and B families are both slightly higher than one standard deviation above the theoretically predicted values. This may be due to a bias in selecting several families (especially B6 and B9) because they had more than one highly allergic child, or may result from the relatively small number of families studied. The apparent imbalance of male children with high IgE levels (42 boys compared with 22 girls) results from selecting most families from an allergy study in a boys' school. We saw no sex difference in the distribution of IgE levels in the children's parents or the 205 allergic adults studied, in agreement with other reports on adults and children (14, 20) . Thus, we have every reason to believe that the IgE gene is autosomal. The small number of families with mating types D and E reflect the selection only of families with at least one allergic child.
Thus, the inheritance of a high serum IgE level appears to approximate closely to a simple Mendelian recessive trait.
We also suggest that the same conclusion is directly applicable to the experiments of Schwartzman et al. (24) families. Three families were tested with eight allergens and the remainder with either five or six allergens. A sibling pair was considered to be concordant in sensitivity to a particular allergen when the ratio of skin sensitivities in the two members was less than or equal to 100, and discordant when this ratio was 1000 or greater. Table 1 summarizes concordance of specific sensitivities with HLC-A haplotype within pairs of highly allergic siblings. Each comparison represents one specific sensitivity in one of the pairs. Since not every allergic child is sensitive to every allergen, we made two types of comparison: column 1, irrespective of whether both children were negative to the allergen in question, and column 2, where at least one member of the pair gave a 2-plus reaction with the allergen solution at a concentration of 10-2 jg/ml or lower. We found no significant differences between the levels of concordance in overall specific sensitivities for HILA identical pairs (group A), pairs sharing one HL-A haplotype (group B), and HL-A distinct pairs (group C).
In Table 2 , the concordance in skin sensitivities to specific allergens is examined for pairs of highly allergic siblings who have either similar or very different IgE levels. Columns 1 and 2 present the same types of evaluation as presented in Table 1 . In Table 2 , we find a much greater overall concordance in specific sensitivities in group F, where both members of the pair have high IgE levels, than in group E, where the IgE levels are very different. For the more critical comparisons in column 2, the difference is highly significant by chi-squared analyis with Yates' correction (P = 0.001). Low-low pairs (group D) are sensitive to fewer allergens than high-high pairs, but there is not yet sufficient data to permit a valid comparison of group D with the other groups.
The importance of genetic regulation of total IgE level, relative to HL-A associated Ir genes, in determining specific sensitivity is further illustrated by Family B9 (Fig. 3) . Of five highly allergic siblings, two have inherited HLA haplotypes A and D; the other three have the alternative haplotypes B and C. For siblings nos. 3, 4, and 5 (genotypes BC, AD, and BC), there is a similar overall pattern of specific skin sensitivity to the eight highly purified allergens. If HL-A associated Ir genes were predominant determinants of IgE 1056Umnl
Other sibs. [i (10) Q (8) i (6) [iJ (2) tration, ug/ml) that elicits 2-plus skin reactions. The following immunochemically distinct, highly purified pollen allergens were used: * group I (molecular weight 27,000), 1 group II (molecular weight 11,000), egroup III (molecular weight 11,000), and LIMgroup IV (molecular weight about 50,000; not completely homogeneous), all from Lolium perenne (rye grass) (4, 5); MAgB (molecular weight 10,500) from Phleum pratense (timothy grass) (16) ; EIAgE (molecular weight 37,800), a Ra3 (molecular weight 11,000) and B Ra5 (molecular weight 5000), all from Ambrosia elatior (short ragweed) (17, 6, 12) and supplied by Drs. specific sensitivity, one would expect a much greater overall concordance in sensitivity between HL-A-identical siblings, nos. 3 and 5, than between the nonidentical pairs, which is not the case. The common feature is that all three -have very high IgE levels (>700 U/ml). Conversely, siblings nos. 1 and 2, who have genotypes AD and BC and much lower IgE levels, differ from one another in some specific sensitivities; but each differs more markedly from other allergic siblings having identical HL-A types but high IgE levels. Thus, the most important factor determining overall concordance of specific IgE-mediated skin sensitivity does not appear to be Ir genes associated with inherited HL-A haplotypes, but the gene controlling serum IgE level.
Four further points should be made about this family, which are typical of our findings in several other "allergic families" (4, 5, 26) . First, some individuals (the father and (3, 4) . Despite an attempt to rule out the influence of allergic "expressivity" genes, we feel that most of their findings (particularly on several five-member families with two allergic members) could well be explained primarily by genetically determined differences in IgE level rather than HL-A haplotype. Also, the use of the highly complex multideterminant allergen, antigen E, which crossreacts with other ragweed allergens (4), complicates analysis of specific Ir genes.
We are left with the following dilemma: our family studies emphasize the importance of the IgE-regulating gene relative to the hypothesized HL-A-linked Ir genes in determining specific IgE-mediated response, but previous population studies (7, 5) showing association of HL-A7 Creg with response to the low molecular weight allergen, Ra5, point to the reverse. We believe that particularly for the more complex and more abundant allergens, the products of different alleles of Ir genes (perhaps controlling recognition of different carrier determinants at the T-cell level) may 
